Abstract The present study aimed to explore the possibility of using the type I trichomes of tomato (Solanum lycopersicum) to monitor the infection processes of powdery mildews by microscopy. Individual trichome cells of two tomato genotypes were inoculated with pathogenic and non-pathogenic powdery mildew species, Pseudoidium neolycopersici, Erysiphe trifoliorum and Podosphaera xanthii. On the trichome cells of the tomato cultivar Moneymaker, hyphae of the pathogenic Pseudoidium neolycopersici (isolates KTP-03 and KTP-04) grew vigorously; whereas hyphal growth of the nonpathogenic Erysiphe trifoliorum and Podosphaera xanthii ceased after appressorium formation, which was associated with papilla formation and hypersensitive cell death, respectively. Similar infection processes of the tested powdery mildews were seen in Moneymaker epidermal cells. Therefore, tomato trichomes are suitable for analysing, at individual cell level, the infection processes of different pathotypes of powdery mildews and for observing the cytological responses of plants by non-pathogenic powdery mildews. On the other hand, it was observed that both isolates KTP-03 and KTP-04 failed to produce conidiophores on the hyphae elongating on Moneymaker trichomes. Similarly, no conidiophores were produced on the hyphae elongating on trichomes of Solanum peruvianum LA2172, which is resistant to KTP-03 and susceptible to KTP-04. Interestingly, delayed cell death occurred in LA2172 epidermal cells, which were attacked by KTP-03 hyphae elongating from trichomes and conidiophores were formed on new hyphae growing from the leaf epidermal cells. Thus, leaf trichomes and epidermal cells of the wild tomato species LA2172 reacted differently to the avirulent isolate KTP-03.
cells. The establishment of a functional haustorium is crucial for a successful fungal colonization on the leaf surface because effector molecules need to be delivered from fungal haustoria into host cells to suppress plant defences and promote establishment of the fungus (Lindeberg et al. 2012) . For example, the infection cycle of the tomato powdery mildew Pseudoidium neolycopersici L. Kiss, begins with conidial germination and elongation of an appressorial germ tube after landing on a plant leaf surface. The appressorium helps the adhesion to a plant leaf surface and fungal penetration of the plant cell wall. A matured haustorium begins to draw nutrients and water from the host and new epiphytic hyphal growth leads to an expansion of the colony on the leaf surface (Jones et al. 2001; Kashimoto et al. 2003) .
Leaves of cultivated tomato (Solanum lycopersicum Mill.) and its wild relatives have morphologically distinct trichomes (types I to VII) (Glover 2000; Lemke and Mutschler 1984; McDowell et al. 2011) . These trichomes can produce signal volatiles (Kang et al. 2010) , insecticidal (Duffey 1986; Kennedy and Sorenson 1985; Simmons and Gurr 2005) as well as antifungal or adhesive (bio-surfactant) agents (Nonomura et al. 2009b ). Moreover, they can also sense chemical volatiles released by neighbouring plants (Kessler and Baldwin 2001; Peter and Shanower 1998; Pichersky and Gershenzon 2002) and respond to changes in environmental factors such as temperature and water-vapour concentration (Nonomura et al. 2009b; Tooker et al. 2010) .
In tomato, our previous results showed that the type I trichomes (1.5-2.5 mm in length on a multicellular base with a small glandular tip) are abundant and larger/ longer than other types of trichomes and that type VI trichomes (0.2-0.4 mm in length with a short multicellular stalk and a glandular tip) have antifungal activity (Nonomura et al. 2009b) . When infected with non-pathogenic powdery mildew species, epidermal cells of the tomato cultivar Moneymaker showed different responses, including hypersensitive cell death after invasion by barley powdery mildew (Blumeria graminis f. sp. hordei Marchal race 1, Nonomura et al. 2010 ) and melon powdery mildew (Podosphaera xanthii Pollacci, Takikawa et al. 2015) , as well as papilla formation at the invasion sites of red clover powdery mildew (Erysiphe trifoliorum Greville, Matsuda et al. 2005; Takikawa et al. 2011) . Until now, cytological responses of a plant cell to powdery mildew infection have been studied by fluorescent microscopy, for which chemical treatments such as chlorophyll removal, fixation and staining are normally needed to observe clearly hypersensitive cell death or papillae in the epidermal cells. Since trichomes consist of transparent cells, growing from the leaf epidermis, we expected that the infection processes of the above-mentioned powdery mildews can be monitored directly by microscopy in the trichome cells.
To study the molecular interaction between plant and powdery mildews, proper methods are needed to isolate the intracellular content of a single plant epidermal cell attacked by a fungal appressorium and/or haustorium. So far, only two techniques are available, micropipettemanipulation and laser microdissection (Fujita et al. 2004; Chandran et al. 2010 ), but these techniques are not widely used due to the requirement of very specific equipment. In this study, we aimed to explore the possibility of using the type I trichomes of tomato to monitor the cytological responses of trichome cells to different powdery mildew species, Pseudoidium neolycopersici, Erysiphe trifoliorum and Podosphaera xanthii using microscopy. To our knowledge, this is the first study of the interaction between tomato trichome cells and powdery mildews. Since the intracellular content of a single trichome cell can be easily isolated, the success of the technique with foliar trichomes evaluated in this study can be a valuable tool for investigating the cellular responses of individual plant cells infected by powdery mildew at the molecular level.
Materials and methods

Plant materials
Seeds of the tomato cultivar BMoneymaker^(MM, S. lycopersicum) and the wild species Solanum peruvianum LA2172 were germinated on watersoaked filter papers in a Petri dish for 3 days in a growth chamber Nippon Medical & Chemical Instruments, Osaka, Japan) ; 400-700 nm) with white (full-spectrum) fluorescent lamps FL40SS W/37 (Mitsubishi, Tokyo, Japan) at 25 ± 2°C. Seedlings at the cotyledon stage were placed into polyurethane cubic sponge supports (3 × 3 × 3 cm 3 ). The sponge supports with seedlings were inserted into the 30 ml cylindrical plastic case (diameter 3 cm, length 5 cm) containing 20 ml hydroponic nutrient solution (4.0 mM KNO 3 , 1.5 mM Ca(NO 3 ) 2 ) at 25 ± 2°C. Cotyledonal seedlings were placed into polyurethane cubic sponge supports of the same sizes as described above and grown for 14 days in a temperature-controlled room under the following conditions: 25 ± 1°C, 60-70% relative humidity and continuous illumination of 22.2 μmol m −2 s −1 .
Fungal materials
Two isolates KTP-03 and KTP-04 of tomato powdery mildew (Pseudoidium neolycopersici, Nonomura et al. 2014) were used in this study. Mature conidia were collected from infected leaves using an electrostatic spore collector as described previously (Nonomura et al. 2009a ) and transferred onto the true leaves of 14-day-old tomato seedlings (MM for KTP-03 and LA2172 for KTP-04) using a high-fidelity digital microscope KH-2700 (Hirox, Tokyo, Japan). The inoculated seedlings were maintained for 14 days in growth chambers at 25 ± 1°C and 50-70% relative humidity under continuous illumination of 22.2 μmol m −2 s −1 (Nonomura et al. 2014 ).
Isolate KRCP-4 N of red clover powdery mildew (Erysiphe trifoliorum) was maintained for 14 days on true leaves of red clover seedlings (Trifolium pratense L., cv. Megium) according to the methods described previously (Takikawa et al. 2011) .
Isolate KMP-6 N of melon powdery mildew (Podosphaera xanthii) was maintained by incubating true leaves of 14-day-old healthy melon seedlings (Cucumis melo L., cv. Earl's Favourite) with mature conidia for 14 days in a growth chamber at 25 ± 1°C, 70-80% relative humidity under continuous illumination of 22.2 μmol m −2 s −1 as described previously (Takikawa et al. 2015) .
Monitoring of infection process of the powdery mildews on tomato leaves
Conidia of the four powdery mildew isolates (Pseudoidium neolycopersici KTP-03 and KTP-04 pathogenic to tomato, Erysiphe trifoliorum KRCP-4 N and Podosphaera xanthii KMP-6 N, non-pathogenic isolates of tomato) were inoculated onto the leaf epidermal cells and trichomes of 14-day-old MM plants. More than 100 conidia were used for inoculation in one experiment. The powdery mildew-inoculated plants were incubated in the growth chamber for 3-14 days at 25 ± 1°C, 70-90% relative humidity under continuous illumination of 22.
. The infection processes of the powdery mildew isolates on leaves and type I trichomes was observed using the high-fidelity digital microscope KH-2700. In addition, the direction of germination as well as appressorial formation rates of the tested powdery mildews on the trichomes of tomatoes was measured. Data are presented as means ± standard deviations of three experiments.
Hyphal development of Pseudoidium neolycopersici KTP-03 was photographed at 1-day intervals after inoculation of a single conidium onto the trichome using the 1/2″ Interline transfer charge-coupled device (CCD) camera of the KH-2700 microscope. The micrographs were analysed using an image-processing software (Adobe Photoshop ver. 5) (Adobe Systems, CA, USA) for better contrasting of the captured images without changing the original information.
Observation of cytological responses in powdery mildew-inoculated leaves
Mature conidia of the Pseudoidium neolycopersici, Erysiphe trifoliorum and Podosphaera xanthii isolates were inoculated onto young leaves and trichomes of five 14-day-old MM plants. In addition, mature conidia of Pseudoidium neolycopersici isolates KTP-03 and KTP-04 were inoculated onto young leaves and trichomes of five 14-day-old wild tomato seedlings (S. peruvianum LA2172). For each isolate, fifty conidia were examined. The powdery mildew-inoculated plants were incubated in the growth chamber for 2-14 days at 25 ± 1°C, 70-90% relative humidity under continuous illumination of 22.2 μmol m −2 s −1
. To observe and compare cytological responses in powdery mildew-invaded tomato epidermal and trichome cells, the samples were prepared in the following way. Twenty-five leaf segments (approximately 1 × 1 cm 2 in size) were taken from five powdery mildew-inoculated tomato plants. The experiments were conducted three times (total of 75 leaf segments). The samples were fixed and chlorophyll removed in a boiling alcoholic lactophenol solution (10 ml glycerol, 10 ml phenol, 10 ml lactic acid, 10 ml distilled water and 40 ml 99.8% ethanol) for 1-2 min and then stained with 0.1% Aniline Blue (Nacalai Tesque, Tokyo, Japan) dissolved in distilled water as described previously (Sameshima et al. 2004 ). Subsequently, the samples were observed under a light and epifluorescence microscope BX-60 (Olympus, Tokyo, Japan) with dicroitic mirror (DM) 400 nm (excitation maximum 330-385 nm; barrier filter 420 nm).
Results
Infection process of and plant cell responses to powdery mildews on tomato leaves
We first investigated the cytological response of tomato epidermal cells to the four isolates of the three powdery mildew species. About 45% conidia of Pseudoidium neolycopersici isolates KTP-03 (44.5 ± 5.1%) and KTP-04 (45.1 ± 4.7%) successfully formed lobed appressoria and elongated hyphae ( Fig. 1a and b) . The attacked tomato epidermal cells looked normal. About 40% conidia of Erysiphe trifoliorum isolate KRCP-4 N (39.4 ± 6.2%) produced dichotomous appressoria. However, further penetration was stopped by papillalike structures at a first penetration site beneath the appressorium and a second penetration site at the apex of the extended germ tube (Fig. 1c) . About 95% conidia of Podosphaera xanthii isolate KMP-6 N (95.4 ± 3.1%) also formed primary appressoria. However, all attacked epidermal cells underwent the hypersensitive response, which prevented further fungal growth (Fig. 1d) .
Powdery mildew infection processes and plant cell responses on type I trichomes of tomato leaves
We attempted to monitor the infection process of the four powdery mildew isolates on the leaf type I trichomes of MM (Fig. 2a) . Conidia of all the tested isolates showed very high germination rates (more than 96% of the inoculated conidia). All conidia of Podosphaera xanthii isolate KMP-6 N germinated and grew downwards (towards the trichome base) and produced primary appressoria on the surface of the trichomes (Table 1) . For isolates KTP-03, KTP-04 and KRCP-4 N, only 40-50% of germ tubes grew downwards and produced primary appressoria on the surface of the trichomes. The remaining conidia germinated upwards and the elongation of germ tubes completely ceased within 24 h after germination without forming primary appressoria (Fig. 2b ). Significant differences were found for the direction of germination between Podosphaera xanthii isolate KMP-6 N and the other powdery mildew isolates (KTP-03 and KTP-04, and KRCP-4 N) ( Table 1) . Erysiphe trifoliorum isolate KRCP-4 N showed the longest germ tube length (Table 1) .
We further compared infection processes among the four powdery mildew isolates germinating downwards on the type I trichomes. All conidia (about 150) of the isolates formed primary appressoria on the trichomes at 3-5 h after germination. About 98% (98.0 ± 2.0%) germinated conidia of Pseudoidium neolycopersici isolates KTP-03 and KTP-04 produced elongating secondary hyphae within 48 h after inoculation ( Fig. 2c and d) . About 95% (94.7 ± 1.2%) germinated conidia of Erysiphe trifoliorum isolate KRCP-4 N formed a secondary germ tube from the first hooked appressorium (Fig. 2e) . About 96% (96.7 ± 2.3%) germinated conidia of Podosphaera xanthii isolate KMP-6 N did not produce secondary hyphae after formation of primary appressoria (Fig. 2f) . Consequently, the initial infection processes of KRCP-4 N and KMP-6 N completely ceased within 24 h after inoculation.
Responses of MM trichomes to the tested powdery mildew isolates were consecutively monitored using the high-fidelity digital microscope KH-2700 (Figs. 3 and  4) . For each isolate, 20 conidia were examined. All conidia of Pseudoidium neolycopersici isolate KTP-03 germinated on the trichomes at 3-5 h and then produced primary appressoria at 6-8 h after inoculation (Fig. 3) . The fungi produced elongating secondary hyphae from the conidia starting at 24 h after inoculation (Fig. 3a-g ). From a single conidium, a maximum of four hyphae (containing germ tubes) were formed and hyphal development completely ceased 12 days after inoculation (see Fig. 3f and g ). All 20 conidia of an isolate showed the same infection processes on trichome cells. No conidiophores were produced during the experimental period (Fig. 3) . Similar infection processes were observed for KTP-04 (Fig. 4a) . Haustorium formation was observed in trichome cells for both KTP-03 (data not shown) and KTP-04 (Fig. 4b) . Similar to the processes observed on tomato leaves, growth of the non-pathogenic powdery mildew isolates Erysiphe trifoliorum KRCP-4 N and Podosphaera xanthii KMP-6 N was stopped on type I trichome cells of tomato leaves by papilla formation or hypersensitive cell death, respectively. Papillae were formed in trichome cells within 24 h after invasion of KRCP-4 N (Fig. 4c) . Haustoria were not observed in the KRCP-4 N-invaded trichome cells. In contrast, abnormal haustoria were produced in 20 KMP-6 N-invaded trichome cells (Fig. 4e) , where hypersensitive cell death occurred resulting in dead trichome cells (Fig. 4d) .
Pseudoidium neolycopersici infection processes in epidermal cells and type I trichomes of resistant plants
In this experiment, we analysed the infection processes of Pseudoidium neolycopersici isolates KTP-03 and KTP-04 in leaf epidermal cells and type I trichomes of the wild tomato species LA2172, which is resistant to KTP-03 and susceptible to KTP-04. The epidermal cells of LA2172 underwent hypersensitive cell death within 24 h by invasion from KTP-03 (Fig. 5a ), but not from KTP-04 (Fig. 5b) , the cell death occurring in a single epidermal cell and preventing further fungal growing. Thus, LA2172 revealed complete resistance to KTP-03. However, both isolates infected the trichomes of LA2172 without inducing hypersensitive cell death. Interestingly, delayed cell death occurred in all epidermal cells, which were attacked by KTP-03 hyphae growing from the trichomes (Fig. 5c ). Delayed cell death allowed the fungus to produce new hyphae, which attacked and induced delayed cell death in neighbouring epidermal cells. On the other hand, the KTP-04-invaded leaf epidermal cells induced neither delayed cell death nor hypersensitive cell death under the same conditions. Both isolates formed conidiophores within 7 days on hyphae spreading on the leaf epidermal cells (Fig. 5c Ap Fig. 1 a and 
Discussion
In this study, we showed that tomato type I trichome cells are suitable for studying the interaction between plants and powdery mildews. At the single trichome cell level, we succeed to monitor simultaneously the infection processes of powdery mildews and the cytological responses of trichomes using the high-fidelity digital microscope KH-2700 and the epifluorescence microscope BX-60 without staining.
In our previous studies, we reported that different responses occurred in epidermal cells of tomato after invasion by non-pathogenic powdery mildews, i.e., papilla formation at the invasion sites of Erysiphe trifoliorum (Matsuda et al. 2005; Takikawa et al. 2011) and hypersensitive cell death to B. graminis f. sp. hordei race 1 and Podosphaera xanthii (Nonomura et al. 2010; Takikawa et al. 2015) . In this study, we confirmed the responses of tomato epidermal cells to the powdery mildews Erysiphe trifoliorum (from red clover) and Podosphaera xanthii (from melon). Moreover, our results showed that after invasion by two non-pathogenic powdery mildews, tomato trichome and epidermal cells were able to induce the same response to the fungal invasion, i.e., papilla against Erysiphe trifoliorum and hypersensitive cell death against Podosphaera xanthii. To study the molecular interaction between plant and powdery mildews, two techniques, micropipettemanipulation and laser microdissection, have been developed to isolate the intracellular content of a single plant epidermal cell, which require very specific equipment (Fujita et al. 2004; Chandran et al. 2010) . Therefore, trichome cells may be useful to study the non-host resistance to powdery mildews at a single cell level, because it is much easier to collect only powdery mildew-inoculated single trichome cells at different developmental stages of the powdery mildew than on leaf epidermal cells. Non-host resistance is a common, durable type of plant immunity against potential pathogens and therefore, a valuable trait that can be potentially exploited to control such pathogens. However, little is known about the genetic factors and molecular mechanisms associated with non-host resistance (Ellis 2006) . Based on the Zig-Zag model of plant immunity (Jones and Dangl 2006) , two models of non-host resistance have been proposed (Schweizer 2007) . The first one postulates the absence of fungal effectors, thereby leading to a non-compromised basal defence response, which is result of interaction between pattern recognition receptors (PRRs) of plants and pathogenassociated molecular patterns (PAMPs). The second one postulates the presence of non-host resistance (R)-genes that lead to durable resistance by functional redundancy in simultaneously recognizing a number of pathogen effectors. By using tomato trichome cells in the absence of leaf decolouration and fungal staining, we were able to monitor the cytological infection processes of two non-pathogenic powdery mildews as well as the cellular responses of non-host tomato plants. To further investigate the molecular mechanisms of non-host resistance, dynamic cellular changes at transcriptomic and/or KTP-03 conidium germinated on the trichomes at 3 h after inoculation. In (a-f), note that the fungus continues to produce elongating hyphae vigorously on the trichome until 10 days. In (g), the hyphal development completely ceases without forming conidiophores on/above the trichome at 12 days after inoculation. Bars equal 20 μm proteomic levels in non-host plants should be studied, for which intracellular contents from a single cell are crucial in order to avoid contamination of differently responding plant cells or fungal materials. Until now, micropipette-manipulation and laser microdissection has been the only methods to isolate intracellular contents of a single barley epidermal cell infected by powdery mildews (Fujita et al. 2004 trichome and epidermal cells of the susceptible tomato genotype, MM. However, conidiophores were not produced on hyphae growing on trichomes, suggesting the very late infection processes on trichomes are different from that on epidermal cells. As to the wild tomato species S. peruvianum LA2172, trichome and epidermal cells reacted differently to the Pseudoidium neolycopersici isolate KTP-03, which is avirulent on LA2172. Therefore, by inoculating trichomes alone, one cannot generalize about the host responses to pathogenic isolates of the fungus. On the other hand, by comparing molecular responses between trichome and epidermal cells, essential host components that support forming of conidiophores may be discovered.
In previous studies, we found that epidermal cells of S. peruvianum LA2172 underwent hypersensitive cell death after invasion by the powdery mildew isolate KTP-03 (Bai et al. 2004; Seifi et al. 2012) , but not by KTP-04 (Nonomura et al. 2014) . These results were confirmed in this study. Since trichome cells are outgrowths of the plant epidermis, we expected that hypersensitive cell death would have occurred in type I trichomes of LA2172 after the invasion by isolate KTP-03. However, both KTP-03 and KTP-04 successfully infected type I trichomes of LA2172 without causing hypersensitive cell death, similar to infections on type I trichomes of susceptible MM plants. LA2172 is the donor of the tomato R-gene Ol-4, which encodes an NBS-LRR protein and confers race-specific resistance to Pseudoidium neolycopersici. The resistance conferred by the Ol-4 gene is associated with hypersensitive cell death of single epidermal cells induced by powdery mildews (Seifi et al. 2011) . Assumingly, the resistance conferred by R-genes is based on the direct or indirect recognition of proteins encoded by R-genes and intracellular avirulence factors (Jones and Dangl 2006) . The response of S. peruvianum LA2172 trichomes to Pseudoidium neolycopersici KTP-03 is intriguing. We may consider that: 1) there is no expression of Ol-4 in trichome cells of LA2172, or 2) there is no secretion of fungal avirulence factors from haustoria of the powdery mildew isolate KTP-03. Since haustoria were produced by KTP-03, we expect that secretion of avirulence factors would occur. It is more probably that the expression of Ol-4 gene is tissue specific or that the effector target (the guardee, van der Hoorn and Kamoun 2008), interacting with the protein encoded by Ol-4 may be absent in trichome cells. The different responses observed in epidermal and trichome cells of LA2172 suggest that different fungal processes can occur in different host cell types. Therefore, by inoculating trichomes alone, it would be difficult to study the resistance response with avirulent isolates of the fungus. Although one of our initial objectives was to explore the possibility of using type I trichomes of tomato to monitor host cytological responses to the powdery mildew fungus, our results showed that tomato epidermal cells were more proper to study host responses to pathogenic powdery mildews.
On leaf epidermal cells of the wild tomato species S. peruvianum LA2172, the growth of Pseudoidium neolycopersici KTP-03 was completely stopped by hypersensitive cell death after the formation of haustoria and thus, further production of elongating secondary hyphae and conidiophores did not occur (Seifi et al. 2012) . In this study, delayed cell death occurred in LA2172 epidermal cells penetrated by KTP-03 hyphae originating from trichome cells. Compared with hypersensitive cell death, delayed cell death develops slowly and allows Pseudoidium neolycopersici to produce elongating hyphae and penetrate into neighbouring cells (Seifi et al. 2012) . Eventually, LA2172 could not completely suppress the hyphal elongation on the epidermal cells. These results demonstrate that tomato epidermal cells can recognize differences in invading hyphae produced on/from trichome cells. Further molecular studies are needed to elucidate the absence of hypersensitive cell death response in trichome cells of S. peruvianum LA2172 after invasion of Pseudoidium neolycopersici KTP-03 and delayed cell death response in epidermal cells attacked by KTP-03 hyphae produced on trichome cells.
To our knowledge, this is the first time that single trichome cells of tomato plants have been used to facilitate the study of plant-powdery mildew interactions. From a single trichome cell, intracellular content can be easily isolated, which will facilitate the molecular analysis, such as gene expression studies of powdery mildew infections during the establishment and proliferation stages of the powdery mildew infection cycle. Thus, the technique evaluated with foliar trichome can be used to study plant-pathogen interactions and communication (routes and intercellular signalling pathways) at the level of individual trichome cells. The reactions of tomato trichomes and epidermal cells were the same to non-pathogenic powdery mildews (Erysiphe trifoliorum and Podosphaera xanthii) and the virulent isolate of the pathogenic powdery mildew (Pseudoidium neolycopersici). However, trichomes and epidermal cells of tomato showed different reactions to an avirulent isolate of Pseudoidium neolycopersici. Altogether, our results indicate that trichome cells are helpful in studying non-host responses of tomato to nonpathogenic powdery mildews, but that epidermal cells should be chosen for investigating host responses to pathogenic powdery mildews.
